Purpose: The aim of the study is to dynamically and non-invasively monitor the apoptosis events in vivo during photodynamic therapy (PDT) and chemotherapy. Procedures: A FRET probe, SCAT3, was utilized to determine activation of caspase-3 during tumor cell apoptosis in mice, induced by PDT, and cisplatin treatments. Using this method, dynamics of caspase-3 activation was observed both in vitro and in vivo. Results: Analysis of the fluorescent missions from tumor cells indicated that the caspase-3 activation started immediately after PDT treatment. In contrast, the caspase-3 activation started about 13 and 36 h after cisplatin treatment in vitro and in vivo, respectively. Conclusions: FRET could be used effectively to monitor activation of caspase-3 in living organism. This method could be used to provide rapid assessment of apoptosis induced by antitumor therapies for improvement of treatment efficacy.
Introduction
A poptosis is an important cellular event that plays a key role during treatment of many diseases [1, 2] . A method of monitoring apoptosis in a living organism could be used to assess therapeutic effects. Imaging apoptosis may involve using different imaging modalities, ranging from scintigraphy to magnetic resonance imaging [3] [4] [5] [6] to detect one or more of a large number of markers associated with apoptosis.
The use of biosynthetic fluorescent sensors is an important approach for imaging apoptosis in vivo. Recently reported fluorescent sensors for assessing anti-tumor efficacies were genetically encoded optical probes [7, 8] . Cy5.5-AnnexinV probe was used to monitor the externalization of aminophospholipids normally residing on the cytoplasmic leaflet of plasma membrane during earliest apoptosis [9, 10] . ICE-NIRF probe was used to detect caspase-1 activation [11] and TcapQ647 probe was used to detect caspase-3 activation during apoptosis [12] . In addition, fluorescent proteins (FP)-based biosensors, especially those based on Förster resonance energy transfer (FRET), could report on Ca 2+ dynamics and caspase-3 activation [13] [14] [15] . The presence of apoptotic cells in vivo is usually transient, i.e., there is a limited time period between the onset of apoptosis and the eventual cell removal [16] . Therefore, the detection of apoptosis ideally should be accomplished using a highaffinity and stable marker with a fast response to apoptosis.
FRET has been widely used to study protein-protein interactions in living cells [17] [18] [19] . Specifically, FRET has been used to detect apoptotic signals that involve PKC activation, Bid cleavage, caspase-3 activation [20] [21] [22] [23] [24] , and change of Ca 2+ level [19, 25, 26] . Takemota et al. [27] has constructed a FRET probe, SCAT3, which consists of a donor (enhanced cyan fluorescent protein, ECFP) and an acceptor (Venus, a mutant of yellow fluorescent protein). The linking sequence contains the caspase-3 cleavage site DEVD [28] . The activation of caspase-3 leads to the cleavage of the linker, thus effectively reducing the FRET. Using FRET probe SCAT3, the spatiotemporal dynamics of caspase-3 activity could be monitored in real-time [27] .
Our previous study has proven that FRET can be used to investigate caspase-3 activation in single cells [29, 30] . In the current study, we investigated the dynamics of caspase-3 activation during tumor cell apoptosis induced by PDT and cisplatin in cell culture and in animals. Our results demonstrate the feasibility of FRET-based assays for realtime visualization of cell apoptosis in living tissues.
Materials and Methods

Chemicals and Plasmids
The following chemicals and fluorophore probes were used: photosensitizer Photofrin (QLT Phototherapeutics, Vancouver, BC, Canada) for PDT treatment, cisplatin (Sigma, St Louis, MO, USA) for chemotherapy treatment, pentobarbital sodium (40 mg/kg, Sigma) to anesthetize animals, in situ apoptosis detection kit (TUNEL) (R&D Systems, Minneapolis, MN, USA) to detect DNA fragmentation in tissue, and Hoechst 33325 (1 μg/ml, Sigma) to study the nuclear morphology of cells. In addition, we used Lipofectin reagent (Invitrogen life technologies, USA) to transfect plasmid DNA into tumor cells and G418 antibiotic (0.8 mg/ml, Sino-American Biotec, China) to screen the cells stably expressing reporter SCAT3. pSCAT3 was a gift from Dr. Masayuki Miura [27] .
Cell Culture
The human lung adenocarcinoma cell line (ASTC-a-1) was cultured in DMEM supplemented with 15% fetal calf serum, penicillin (50 U/ml), and streptomycin (50 μg/ml) in 5% CO 2 , 95% air at 37°C in humidified incubator.
Tumor Model
ASTCa-1 cells with and without SCAT3-expression were used to establish tumors in female Balb/c nude mice. Cells (2×10 6 ) in a 100 μl solution were injected into the flank region of mice (three groups; n=4 animals/group). PDT and cisplatin treatments were performed on day 7 after the inoculation of tumor cells, when tumors in mice reached a size of 3-4 mm. 
Photodynamic Therapy and Cisplatin Treatments of Tumor Cells in Tissue Culture
Photodynamic Therapy and Cisplatin Treatments of Mouse Tumors
Photofrin was administered intraperitoneally (i.p.) at a dose of 10 mg/kg, 24 h before illumination with the 633 nm light (day 7 after inoculation with tumor cells). The light was delivered to tumors on day 8 using a fiberoptic light delivery system. The power density at the illumination area, which encompassed the tumor and 0.5-1 cm of the surrounding skin, was 40 mW/cm 2 . The total light dose delivered to each tumor was 120 J/cm 2 . During the light irradiation, mice were anesthetized with an i.p. injection of pentobarbital sodium and were restrained in a specially designed holder.
In chemotherapy, starting on day 7 after inoculation with tumor cells animals received daily i.p. injection of cisplatin (10 mg/kg) in 100 μl volumes for five consecutive days. Immediately after the last cisplatin injection, mice were anesthetized and restrained for imaging analysis with a fluorescence stereo microscope.
Hoechst 33325 and TUNEL Staining
To assess changes of nuclear morphology in cells during apoptosis, cells ( 1×10 5 ) were cultured in 35-mm glass bottomed dishes. Three hours after PDT treatment and 20 h after cisplatin treatment, the cells were stained with Hoechst 33325 for 10 min at room temperature and washed twice with PBS. The cell samples were visualized under a Nikon fluorescence microscope with a hydrargyrum lamp. Hoechst 33325 was excited by light through a 330-380-nm band-pass filter and emitted light was detected through a 450-490-nm band-pass filter.
Individual tumors were excised 6 h after PDT treatment and 60 h after cisplatin treatment. The tumor samples were placed immediately in Tris-buffered zinc fixative [0.1 M Tris-HCl buffer (pH 7.4) containing 3.2 mM calcium acetate, 22.8 mM zinc acetate, and 36.7 mM zinc chloride] for 6-18 h, transferred to 70% ethanol, dehydrated, and embedded in paraffin. Cryostat sections (10 μm thick each) were cut from each tumor sample. TUNEL staining was performed for the tumor sections. DNA fragmentation was detected by terminal deoxynucleotide transferase-based, in situ apoptosis detection kit (TUNEL), following the manufacturer's instructions. Biotinylated nucleotides incorporated into the DNA fragments were detected using a streptavidin-fluoresceine conjugate, which was excited with the 488 nm line of an Ar-laser. Fluorescence emission was recorded using a 500-550-nm band-pass filter.
FRET Reporters
A genetic FRET reporter, SCAT3, was used to monitor caspase-3 activity. This reporter consists of a donor cyan fluorescent protein (ECFP) and an acceptor Venus (a mutant of yellow fluorescent protein). The donor and the acceptor are linked with a caspase-3 recognition and cleavage sequence, DEVD. Activation of caspase-3 leads to the cleavage of the linker, thus effectively reducing the FRET. Therefore, a decrease in FRET represents the activation of caspase-3 in cells.
FRET Analysis
FRET in cells was performed on a commercial Laser Scanning Microscope (LSM510/ConfoCor2) combination system (Zeiss, Jena, Germany) with an inverted microscope. For excitation, the 458 nm line of an Ar-Ion Laser was attenuated with an acoustooptical tunable filter, reflected by a dichroic mirror (main beam splitter HFT458) and focused through a Zeiss Plan-Neofluar 40×/ 1.3 NA Oil DIC objective onto the sample. The fluorescent emission was split by a second dichroic mirror (secondary beam splitter NFT515) into two separate channels: the 470-500-nm bandpass (ECFP channel) and the 530-nm long-pass (Venus channel). For intracellular measurements, the regions of interest (ROIs) were chosen in the LSM images. To quantify the results, the average emission intensities of ECFP and Venus from the ROIs were processed with the Zeiss Rel3.2 image processing software (Zeiss, Germany). FRET in vivo was measured on the stage of a stereo microscope (Lumar V12, Zeiss, Jena Germany) with a hydrargyrum lamp (HBO100) as light source. After the PDT or cisplatin treatment, mice were anesthetized with pentobarbital sodium and were restrained in a specially designed holder for imaging analysis with a fluorescence stereo microscope. The light beam through a 436/20-nm band-pass filter was used to excite the fluorescent probes. The fluorescent emission was recorded through two separate channels: the 480/40-nm band-pass channel (for ECFP) and the 535/30-nm band-pass channel (for Venus). To quantify the results, the average emission intensities of ECFP and Venus from the ROIs were processed with Axiovision 4.5 software (Zeiss, Germany). For the analysis of fluorescent emission from tumors in animals, four ROIs were selected. In each ROI the Venus/ECFP ratio at each designated time was calculated and the ratios were normalized to unity at zero time. Then, the normalized ratios from all four regions were averaged.
Results
FRET Efficiency of SCAT3
Acceptor bleaching experiments were carried out to assess the sensitivity of the FRET probes. The acceptor fluorophore Venus was selectively bleached by repeated scanning of the target cell area with the Ar 514 nm line. Upon bleaching there was a marked decrease in the acceptor fluorescence (Venus), which coincided with an increase in the donor fluorescence (ECFP) because of the inability of the acceptor to accept energy from the donor after bleaching (Fig. 1a) . Therefore the increase of ECFP fluorescence upon Venus bleaching confirmed FRET between the two fluorescent proteins in the SCAT3-transfected cells.
Real-time Detection of Caspase-3 Activation During Apoptosis of Tumor Cells in Tissue Culture
FRET imaging was used to determine the dynamics of caspase-3 activation in SCAT3-expressing ASTC-a-1 cells after PDT and cisplatin treatments. ECFP and Venus fluorescent images were obtained from SCAT3-expressing cells after the treatment (Fig. 1b) . The fluorescence intensity of ECFP increased while that of Venus decreased under either PDT or cisplatin treatment. The time courses of the Venus/ECFP fluorescence intensity ratio obtained from four regions of interest (ROIs) are shown in Fig. 1c and d . After PDT treatment, the ratio decreased immediately, and reached a stable level after about 60 min (Fig. 1c) . After the administration of cisplatin, the ratio remained constant for approximately 800 min, then decreased gradually, and reached a stable level after about 900 min (Fig. 1d) . For the control group, ECFP and Venus fluorescent emissions and Venus/ECFP fluorescence intensity ratio remained unchanged during the entire observation period, as shown in Fig. 1b, c, and d . These results demonstrated that the intracellular caspase-3 was activated to cleave the linker of SCAT3, DEVD, thus disrupting the FRET during apoptosis induced by PDT or cisplatin.
Photodynamic Therapy and Cisplatin Treatments Induced Apoptosis
To confirm that PDT or cisplatin treatment could effectively induce apoptosis in ASTC-a-1 cells, Hoechst 33325 staining was used. Three hours after PDT treatment (5 J/cm 2 , 3 μg/ml Photofrin) and 20 h after cisplatin treatment (20 μM), Hoechst 33325 staining showed morphologically the occurrence of induced apoptosis in cell culture (Fig. 2, upper  panel) .
To validate that the treatment of PDT and cisplatin of selected doses could effectively induce tumor cell apoptosis in mice, we examined tumor sections by TUNEL staining. The tumor sections were obtained 6 h after PDT treatment (120 J/cm 2 at 40 mW/cm 2 , 10 mg/kg Photofrin) or 60 h after cisplatin treatment (10 mg/kg). TUNEL staining clearly showed morphologically the induced apoptosis in mouse tumor (Fig. 2, lower panel) . 
Real-time Detection of Caspase-3 Activation in Live Animals During Therapy
To ensure that the fluorescent signals of SCAT3-expressing tumors in mice were not biased by autofluorescence, we compared images of the mouse tumors established using cells with or without SCAT3 transfection. The fluorescent signals of SCAT3-expressing tumors in mice were much stronger than that of the autofluorescence from non-transfected tumors (Fig. 3) . As a control, ECFP and Venus fluorescent images were obtained from a SCAT3-expressing tumor sample without treatment at 0, 24, 36, and 48 h, starting on day 7 of tumor cell inoculation (Fig. 4a) . The time course of the Venus/ECFP fluorescence intensity ratio obtained from four ROIs is given in Fig. 4b . The fluorescent emission from the SCAT3-expressing tumor sample remained constant during the entire observation period of 48 h (Fig. 4) . The results indicated that without external intervention (PDT or cisplatin, in this study), FRET efficiency was stable and caspase-3 was not activated in vivo.
After PDT therapy treatment of mouse tumors, ECFP and Venus fluorescent images were obtained at 0, 60, 90, and 120 min (Fig. 5a) . The time course of the Venus/ECFP fluorescence intensity ratio obtained from four ROIs is given in Fig. 5b . The Venus/ECFP fluorescence intensity ratio started decreasing about 30 min after the PDT treatment and reached a stable level after about 70 min (Fig. 5b) .
Immediately after the last administration of cisplatin, the ECFP and Venus fluorescent images of the treated mouse tumors were obtained at 0, 38, 40, and 42 h (Fig. 6a) . The time course of the Venus/ECFP fluorescence intensity ratio obtained from four ROIs is given in Fig. 6b . The changes of fluorescence intensities of ECFP and Venus started much later, compared with the PDT treatment. The ECFP/ Venus ratio started decreasing about 36 h after the cisplatin treatment and took about 4 h to reach a stable level (Fig. 6b) .
These results demonstrated that caspase-3 was activated to cleave the linker of SCAT3, DEVD, thus disrupting the FRET during apoptosis induced by PDT or cisplatin.
Discussion
Photodynamic therapy and chemotherapeutic drugs are widely used for cancer treatment. Noninvasive imaging of cell death in tumors can provide a means of accurate b assessment of the tumor response to anti-tumor treatments. It has been demonstrated that FRET can be used for imaging apoptosis in single cells [20-25, 29, 30-32] . In this study, using FRET, activation of caspase-3 was observed as one biomarker to monitor in vivo tumor cell apoptosis induced by different treatments. The caspase-3 activation was clearly demonstrated by the decrease of FRET in treated cells (Fig. 1b-d) . Tumors in animals established with cells stably expressing SCAT3 provided FRET signals that could be quantified using a commercial fluorescence stereo microscope (Fig. 3) . With appropriate selection of treatment protocol and observation period in our experiments, SCAT3 remained fluorescent in the tumor cells during the therapy and the observation (Figs. 4, 5, and 6) . Therefore, the SCAT3 probes did not depend on any reagents and the use of SCAT3 could avoid additional administration like many other genetically encoded optical probes.
It should be pointed out that this approach is applicable to the tumors with significant caspase-3 activation. In other cases, different biomarkers should be used for in vivo monitoring of treatment effects.
It should be noted that different environments (in vitro and in vivo) and different treatments (PDT and cisplatin) had resulted in different dynamics of caspase-3 activation, as shown in Figs. 1c, d , 5b, and 6b. However, the ratio reduction and the final level of the Venus/ECFP emission ratio in each case clearly demonstrated the effects of PDT and cisplatin in activating intracellular caspase-3 to cleave the linker of SCAT3, DEVD, thus disrupting the FRET during the induced apoptosis.
In conclusion, with a recombinant FRET probe, we have detected the caspase-3 activation in live animals during different tumor treatments. We demonstrated that the modulation of cell death induced by PDT and cisplatin could be assessed using an optical method. By choosing appropriate recombinant substrates as probes, FRET can be potentially used in real-time to study the mechanism of tumor therapy. 
